PART I Normal Standards of Head Size and Growth in
Full-term and Premature Babies The earliest possible detection of progressive infantile hydrocephalus requires more detailed standards of normal head size and growth than any previously published. The first part of this communication has been prepared with the object of providing such standards for both full-term and premature babies.
There are two distinct ways of collecting growth data. When values are obtained from different children at different ages, no child having been measured more than once, the study is said to be cross-sectional and the values obtained from it provide only distance standards. This means that they can be used only for assessing size achieved by a certain age. If increments of growth (velocity standards) are required they should, according to Tanner (1952) , be obtained from longitudinal (or serial) studies in which the same children are followed up and measured at different ages. In fact most growth studies are not purely of one type or the other.
With regard to head size in newborn babies, distance standards available in this country are inadequate in that in none of the published series is head size related to birth weight, whereas the range of normal head circumference for a small infant is quite different from that of a larger one. After the first few days of life actual head size is overshadowed by the far more important rate of head growth, normals for which we have already seen must be obtained from longitudinal studies. Before 1952, all surveys of infantile head size on British children were of the cross-sectional type, an example of which is that of Myers (1926) in which measurements were taken from 1,400 London children.
Since 1952, results of three longitudinal surveys of head growth of British children have been published (Low, 1952; Westropp and Barber, 1956; Falkner, 1958) and all, therefore, are suitable for calculating normal velocity standards. Low (1952) recorded head circumference values at 3 days of age and then at yearly intervals. Westropp and Barber (1956) made more frequent measurements on the 331 boys and 333 girls of their series. The heads of these children were measured at 1 month, 3 months, 6 months, 9 months and 1 year, and thereafter at half-yearly intervals up to 7 years. In Falkner's (1958) survey the data were obtained at 4, 13, 26, 39 and 52 weeks of age and then at less frequent intervals up to 3 years. These studies, however, are inadequate for the early detection of abnormal rates of head growth because the units of time for which the increments of growth can be or have been calculated are so great that, if they are used, the diagnosis of progressive hydrocephalus must be very much delayed.
No mention has so far been made of the normal head circumference values of premature babies, and the only references to such measurements in the literature are those of Crosse (1957) and Anderson (1950) . Only in the latter was the range of normal given and both were almost certainly from crosssectional data.
To summarize, then, it was felt that there was a definite need for detailed longitudinal studies of head growth in both full-term and premature babies. Such a survey was embarked upon with the object of obtaining data suitable for assessing the head size of all babies at birth and rates of head growth at intervals of one or two weeks, as only by these means could treatment for progressive hydrocephalus be instituted early enough to be successful. Hospital, Sheffield, or The first measurement was taken as soon after birth as possible, usually within the first 24 hours. A small minority was not measured until 2 days old. A second measurement was taken at 7 days old i 1 day, and a third at 2 weeks ± 2 days, in those cases still in hospital. The vast majority of full-term infants, however, had been discharged from the Maternity Units before the third measurement could be taken. All the mothers, before discharge from hospital, were given an appointment to attend with the baby at the appropriate Welfare Clinic within seven to 13 days of going home. The aim was to obtain weekly measurements up to the age of 5 weeks and fortnightly measurements thereafter at 7, 9, 11, 13, 15 and 17 weeks of age, ± half a week. This pattern was followed well in some cases, but in others, mainly through defaulting and partly due to the hiatus between the last measurement in hospital and the first clinic attendance, this timing was lost. In these cases, some of the measurements were taken on 'even weeks' of age. Finally, because so many fell into this group all measurements were related to the nearest week of age, and placed in weekly groups.
ARCHIVES OF DISEASE IN CHILDHOOD
Those babies nursed in the Premature Baby Units had head circumference measurements taken in the same way as the full-term babies as soon after birth as possible and then at weekly intervals (4-one day) until discharged from the Unit. Because many of the babies were quite small and had a hospital stay of relatively long duration, regular weekly measurements presented no difficulties. After discharge from the Unit appointments were made to see the babies at the City General Hospital Premature Baby Clinic and in some cases at the local Infant Welfare Centre. From this time onwards the same difficulties of lack of regular clinic attendance were encountered as in the full-term babies. In the case of premature babies head measurements were taken at the clinics as frequently as possible (usually fortnightly) up to 26 weeks of age, and, as before, were finally divided into age groups of multiples of one week ± half a week. As expected, the attendance at clinics was variable; some mothers brought their babies regularly for the required length of time and others failed to attend at all. Between these extremes were those who came regularly but for short periods of time and others who attended sporadically. Table 1 shows these cases divided into groups according to the length of time of follow-up. mature and full-term infants, with special emphasis on details in the first weeks of life and with a view to the earliest possible diagnosis of deviations from the normal. These will now be reported under their appropriate headings.
(1) Head Circumference/Age Chart for Full-term Infants.* This is reproduced in Fig. 1 . It should be noted that in this and the other graphs of this report the boys' measurements have not been separated from those of the girls.
The curves were constructed by plotting the head circumference values from the record cards against age. From the scatter diagram so produced horizontal and vertical means were obtained; these were joined by eye and resulted in the mean curve. Histograms of deviations from the mean were constructed and from these the 2.5 and 97 5 percentiles were derived.
Unlike Westropp and Barber's (1956 ) and Falkner's (1958) results, those of the present series were detailed enough to demonstrate the relatively steep rise in head circumference found in the first six to eight weeks of life. From this time onwards the curves are very similar in all these charts, but those resulting from the present study show a narrower range, although they are comparable to those of Westropp and Barber (1956) and Falkner (1958) in that they represent 95% of the series.
This difference probably lies in the fact that all the * The actual values used for the construction of graphs described in this report can be obtained on application to the author. measurements of the present series were taken by one individual and that the values obtained were more closely related to the specified ages.
(2) Head Circumference/Age Chart for Premature Infants. The method of construction of this graph was exactly the same as for the full-term infants and the result is shown in Fig. 2 . It should be noted that the curve representing the mean value is not centrally placed; this was presumably due to 'weighting' of the results with a larger proportion of big babies to small as would be expected in a survey of premature infants. 
HEAD GROWTH IN FULL-TERM AND PREMATURE BABIES
premature and one for full-term babies, should be available. Such charts would be useful but clumsy and, unfortunately, would involve the comparative use of small linear measurements so that the error would be relatively high. Also, any weekly increment of head increase could be judged as normal or abnormal but would show no relationship to previous values. To overcome these disadvantages, Dr. G. H. Jowett suggested that probably the best way to demonstrate deviations from the normal would be by the use of 'control lines' and a ratio chart. These will now be described in detail.
(a) CONTROL LINES. TO understand the significance of these lines it is necessary to know how they were constructed. For ease of description the age of 10 weeks will be taken as an example. The first step was to assume that all the normal head circumference measurements taken from the fullterm babies at the age of 10 weeks were superimposed upon a point X. This point (see Fig. 5 ) was made in a convenient position, unrelated to any fixed point on the ordinate but vertically above the 10-week mark on the abscissa. The measurements on the same children, obtained between 10 weeks and birth, were then plotted backwards from point X, using a 'sliding' logarithmic centimetre scale as the ordinate. (The reason for using a logarithmic scale will be explained under the next heading.) The points for each individual child were then joined and the result was a series of backwardly diverging lines, as shown in Fig. 5 , the upper and lower limits of which represent the minimum and maximum rates of increase in head circumference in this group of normal infants. Any obviously stray line was disregarded when drawing the final boundaries separating normal from abnormal. Knowing this construction it is obvious that if any measurements taken from a head which is growing too rapidly are added to Fig. 5 (with the 10th week measurement coinciding with point X) the line produced will be steeper than any of the others and hence will lie below the normal range. It follows that the lowest of the normal lines represents the maximum rate of increase, or steepest gradient, consistent with normality, and it is this line, together with those for all other ages from 1 to 16 weeks, that constitute the 'control lines' previously referred to. This series and a similar one obtained from the premature baby measurements were drawn as two separate charts on transparent paper, the latter being necessary as the use of the control lines involves their superimposition upon a 'ratio chart' which will be described in the next paragraph. The two sets differs from the conventional head circumference/age chart in that the head circumference is plotted as a logarithmic scale in order to obtain, as far as possible, equal significance in the units of head growth of both large and small babies. A centimetre scale was chosen, and this, together with the age in weeks, was drawn on the same scale as the one on which the control lines were constructed. The result is shown in Fig. 8 (Laurence, 1958 (for full-term infants) are placed in the position used to assess the rate of head growth at the age of 9 weeks, in a baby weighing 6 lb. 6 oz. at birth. The line joining the head circumference values lies below the 9-week control line and therefore head growth between birth and 9 weeks has been greater than normal.
eventual head size because in some cases of spina bifida cystica the actual head circumference at birth may be smaller than normal (Table 3) so that a considerable increase may not take the circumference out of the Group 1 range. For this reason in the method to be described the starting point is taken as the actual head circumference at birth or the maximum head circumference for the birth weight (97.5 percentile), whichever is the greater, and this point is marked on the ordinate of the ratio chart at the beginning and is called the basic point.
The infant's head is then measured once a week and the result is entered on the ratio chart. After recording Fig. 10 . , . respectively.
This has been a retrospective study but each case has been examined with a view to deciding what the outcome was likely to be and the prediction in each case has been checked against the actual result. By doing this it was found that using this new technique the group, indicating the eventual head size, could be diagnosed in the majority of cases well before the actual head size fell into that group, so that by using this method in future cases any surgery could be carried out well before gross enlargement had taken place. Table 5 shows the findings in the present series expressed in terms of weeks of warning in all cases in whom Groups 2 and 3 were predicted.
There were only 12 Group 2 cases to include in Table 5 and in only five of them was it possible to predict the final group before it was reached; FIG. 10.-To demonstrate prediction of head size using control lines with a ratio chart. The control lines are numbered from 1 to 16 weeks and are drawn on transparent paper. In the above example they are placed in the position necessary to judge the future outcome for head size had the baby been considered at the age of 3 weeks. The ordinate of the control lines (heavy line) is superimposed on the ordinate of the ratio chart with the X of the control line for the third week coiniciding with the actual head circumference value for the same age. That part of the graph showing head growth from birth to 3 weeks lies below the third week control line so that head growth has exceeded the maximum normal rate during this period of time.
The incremental line is the imaginary line drawn from the basic point to (in this case) the third week measurement. Here it lies wholly below the third week control line so that Group 3 can be expected. This group was reached, in this example, at the age of 7 weeks.
Indicates the 97.5 percentile for head circumference relative to birth weight in this patient. Head growth in premature babies has been neglected in the past. This is rather surprising because these babies have heads which, proportionately to the rest of the body, are larger than those of full-term infants so that the question of hydrocephalus is frequently raised. To eliminate this difficulty and also because the problem of hydrocephalus associated with spina bifida cystica is met in these babies too, the head circumference/age chart for premature babies was constructed from data as detailed as that for the mature infants. Values were obtained up to 26 weeks of age, but for the present purpose only those up to 16 weeks were needed.
Most textbooks quote values of chest circumference and/or crown-rump length as guides to head circumference relative to body size in infancy. The latter especially is difficult to measure with any degree of accuracy under ordinary clinical conditions and both can be very misleading. Although perhaps not the final answer to the problem it was felt that a chart showing the normal range of head size relative to body weight at birth would be useful. This, indeed, has proved to be so, this chart having become vital to the method of predicting head size described in this paper.
Control Lines and Ratio Chart
The control lines described in the first part of this report are graphical representations of rates of head growth and in no way indicate absolute measurements. Their sole function is to provide a boundary between the limits of normality and abnormality in the rates of increase of head circumference. Only the boundary indicating the maximum normal rate of head growth has been used in the present work. To record these values in numerical form complicated tables would have been needed in order to show a normal range of growth increments for babies with heads of different sizes. This difficulty was overcome in the present method by constructing separate sets of control lines for premature and full-term babies and by using a logarithmic scale for both the control lines and the ratio charts, so making the same percentage increases of head circumference of equal significance. The result is a very simple method of separating the rapid stage of normal head growth from the abnormal rate of growth seen in the early stage of infantile hydrocephalus.
Basic Point and Incremental Line It has already been mentioned that in one child a very steep gradient of head growth may not necessarily take the head circumference beyond the normal limits of head size, and yet in another the same increment may result in a grossly enlarged head. This, quite obviously, is because of the great variability in head size at birth. Large heads at birth are expected in cases of hydrocephalus, but we have long suspected that some children with spina bifida cystica, who later have manifest hydrocephalus, had abnormally small heads at the start. Even so we were surprised to find that the ones with head circumferences below the 2-5 percentile amounted to almost 20% of the cases with spina bifida. In view of these findings it became obvious that rates of head growth could only be interpreted in terms of future head size, by standardizing the starting point from which increments of growth were to be measured. This resulted in the empirical development of the basic point, which has already been defined. In making a prediction of head size, growth is always considered as having taken place from this point so that the line of increment, which is drawn between the basic point and any later head circumference value, represents a standardized rate of growth. In using this method for forecasting, therefore, the curve drawn from the actual head circumference values is ignored and the line of increment only is compared with the control lines. By doing this all the previous difficulties were eliminated and the result was a method of making an individual prognosis for head size, in terms of the three defined groups. This was found to be accurate in 90% of the 99 cases upon whom it was tested.
Fundamental Value of the Method
Previously there has been no method of deciding which children with hydrocephalus will show early arrest and which will progress to the severe condition. Clearly, if any of these cases are to have corrective shunts the time to operate is in the progressive phase and before the head has become abnormally large and brain compression severe. Admittedly, some of these children have normalsized heads together with gross cortical damage, but these cases are no longer in the progressive phase of hydrocephalus (which may have occurred in utero) so that a shunt would be of no use to them in any case. The real value of the method of prediction described here, therefore, is in its capacity to distinguish between what would eventually be mild, moderate and severe cases of hydrocephalus at a time when they cannot normally be distinguished, that is, when they are in the rapidly progressive phase. This is shown readily by the three examples given in Figs. 11, 12 and 13 where a child from each group (Groups 1, 2 and 3) is represented. Each of them showed a very rapidly progressive hydrocephalus, but by the new technique it was possible to anticipate the stage of arrest correctly and in the Group 3 case this prediction was made as early as the third week and whilst the head size was still normal. This quite obviously would have been the optimum time for surgery.
Much emphasis has been placed on the early prediction of eventual head size because this is so important if surgery is to aim at maintaining a normal or near normal head size with a minimum of brain damage. In the present series control lines up to the age of 16 weeks were quite adequate for this purpose, in fact, it was found that in 68% of those cases who finally reached Group 3 an accurate prediction of this group could have been given within the first eight weeks of life. It is possible that this may well be related to the fact that the vast majority of cases used for testing this method of prediction were patients with spina bifida cystica and that the patterns of head growth in these children are such that early prediction is possible in most cases. Nevertheless, this is of relatively little significance for in general paediatric practice the majority of cases of infantile hydrocephalus presenting within the first four months of life are associated with spina bifida cystica and hence the method is satisfactory for its requirements. But in any case the technique was also found suitable for forecasting head size in those cases of pure hydrocephalus presenting within the first 16 weeks.
of life and included in the present series.
Although perhaps the method appears complicated, in fact the use of control lines is simple and easily learnt and only a few minutes is needed on each occasion for working out results. This is important because it means that the required information in each case can be obtained during the out-patient visit and in this way the parents 251 group.bmj.com on November 7, 2017 -Published by http://adc.bmj.com/ Downloaded from 252 ARCHIVES OF DISEASE IN CHILDHOOD can be given far more definite answers to their queries and, if surgery is indicated, arrangements for this and the preceding investigations can be made without delay. Such urgency should be appreciated because even one week's hesitation at a stage of very rapid abnormal head growth can result in gross hydrocephalus of the Group 3 grade.
As far as I am aware control lines have never been used before in the medical field. They were adapted for the present purpose by Dr. G. H. Jowett from the ideas of Page (1954) and Barnard (1959) who had previously drawn attention to them and emphasized their value for the inspection and control of industrial processes. Fortunately they are admirably suited to the present piece of work. SUMMARY 1. A study of maximum head circumference measurements was made on normal full-term and premature babies. The survey was a longitudinal one and all measurements were taken personally. 676 full-term and 225 premature babies were involved and a total of 4,639 measurements was taken from these 901 infants. In the majority of cases head circumference values were obtained at birth and then at weekly and later fortnightly intervals up to 18 and 26 weeks of age from full-term and premature babies respectively.
2. From the material collected in the head circumference survey the following were obtained:
(i) A graph to show the normal range of head circumference in relation to age in full-term infants from birth to 18 weeks. (ii) A head circumference/age chart to show the normal range of head size in premature babies from birth to 26 weeks of age. (iii) A chart to show the normal range of head circumference at 1 week of age relative to birth weight. This covered a weight range of 3 to 9 lb. and therefore included premature as well as full-term infants. (iv) Control lines. These were described with special emphasis on their significance and their use in association with a ratio chart. The 'lines' presented were drawn at weekly intervals from 1 to 16 weeks for both full-term and premature babies. Each control line represents a maximum normal rate of head circumference increase.
